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ABSTRACT 
 
Emily Kathryn Guadagno: Associations Between Vibratory Perception Threshold, 
Quadriceps/Hamstrings Co-Activation Ratio, and Changes in Femoral Articular Cartilage  
(Under the direction of J. Troy Blackburn) 
 
 
 Introduction: The hallmark sign of knee osteoarthritis (OA) is cartilage damage. Patients 
with knee OA present impulse loading, co-activation of knee musculature, and somatosensory 
deficits have been. These characteristics could be precursors rather than disease outcomes. 
Purpose: to evaluate associations between vibratory sensation (VPT), quadriceps and hamstring 
co-activation, and percent change of cartilage cross-sectional area (CSA) in healthy population. 
Methods: VPT was measured, participants performed walking trial where co-activation was 
measured, and pre/post ultrasound cartilage images were collected. Pearson product (r) determined 
associations between VPT, co-activaiton indices, and change in CSA.  Results: 31 participants 
(age=22(2.5)years, height=1.71(0.15)m weight=74.9(11.8)kg) completed this study. Significant 
associations between medial and composite co-activation index and change in CSA (r=0.031, 
p=0.009), between lateral malleolus VPT and co-activation indices laterally during PRE-phase of 
gait, and composite during LA (r=-0.443,p=0.014 and r=0.415, p=0.023) were found. Discussion: 
Greater co-activation during gait may be associated with changes in knee cartilage.  
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CHAPTER I: INTRODUCTION 
Approximately 14 million individuals in the US have symptomatic knee osteoarthritis 
(OA), with advanced OA comprising over half of those cases.1 The disorder involves chronic 
breakdown of cartilage within a joint, which is associated with risk factors that include joint injury, 
obesity, and repetitive joint stress.2 Because no disease-modifying treatments are available, 
treatments for symptomatic knee OA focus on symptom relief and functional restoration, including 
physical therapy, medications, joint injections, and total knee replacement.3 Knee OA costs the US 
healthcare system $165 billion annually.4-6  Even with interventions, a large population of 
individuals with knee OA decrease their activity level or stop activity completely due to associated 
pain. Despite the financial and physical burden suffered by individuals with knee OA, the 
underlying causes of this disease are poorly understood. 
Excessive and abnormal joint loading are important factors leading to an imbalance 
between the degenerative process and subsequent repair of articular cartilage.7 The significance of 
loading rate to the overall development and progression of knee OA has previously been 
demonstrated in animal studies.8,9 These studies showed the subsequent processes of healing and 
bone remodeling increase the stiffness of the subchondral bone, which decreases its ability to 
dissipate forces. As a result, the overlying cartilage is exposed to greater stress during everyday 
tasks such as walking.8,9 Muscle forces also contribute to abnormal joint loading. Reduced range 
of knee flexion and heightened muscular co-contraction during the loading phase of gait are 
mechanical hallmarks of those with knee OA, and together they represent what is considered the 
“stiffened knee response.”2 Schmitt and Rudolph found that increased muscular co-contraction and 
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a subject’s sense of knee instability elevates joint load, which could explain cartilage deformation 
as a precursor to knee OA.10-12 
Previous studies have demonstrated that proprioceptive acuity in the lower extremities is 
diminished with normal aging, and that proprioceptive deficits are exacerbated in individuals with 
knee OA independent of aging.13-15 Barrett et al. found that patients with osteoarthritis had poorer 
joint position sense than similarly aged individuals with no joint disease by comparing accuracy 
in a joint repositioning task.16 Vibratory perception threshold has been correlated with measures 
of proprioception and is a fast, inexpensive, clinically feasible measure of somatosensory function. 
Shakoor et al. found significant deficits in vibratory sensation in the lower extremity in subjects 
with OA of the knee compared with age-matched healthy subjects.17 Vibratory sense represents a 
quantifiable and reliable sensory measure that may serve as a valid marker of the role of sensory 
deficits in OA.17  
The stiffened knee response previously reported in individuals with knee OA during gait 
is typically accompanied by increased co-contraction of the quadriceps and hamstrings 
musculature, which increases joint contact pressures.18 Deficits in proprioception could be the 
cause of ineffective muscle activation resulting in elevated impulsive loading. These deficits may 
cause a sense of instability resulting in increased muscular co-contraction as a way to stabilize the 
joint, but at the expense of increasing compressive stresses across the joint. Individuals with knee 
OA demonstrate greater co-contraction of these muscle groups compared to healthy individuals in 
an effort to improve the lacking stability of the knee, potentially causing further cartilage damage.19 
With ultrasound (US) imaging, researchers and clinicians are able to quantify acute 
changes in femoral cartilage following dynamic tasks such as walking.20,21 It is also less expensive 
and more easily accessible than other common imaging modalities such as MRI and radiography. 
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Harkey et al. evaluated femoral cartilage thickness before and after loading during walking 
and running at a self-selected speed as well as following a control condition, and observed a 6.7% 
decrease in cartilage thickness after the walking condition measured within 5 minutes of 
movement, and found significant decreases in compartment thickness and cross-sectional area 
(CSA) of femoral cartilage post-walking.20 
Somatosensory deficits and increased co-contraction have been observed in subjects with 
knee OA.17-19 However, there is a gap in the literature evaluating these characteristics in healthy 
individuals and their effect on cartilage structure. It is essential to assess healthy individuals in 
order to decipher if sensory deficits and/or co-contraction influence cartilage measures during 
functional tasks.  This information would be crucial for deciphering whether these phenomena are 
knee OA sequelae or pre-existing characteristics. Therefore, the purpose of this study was to 
evaluate the influence of somatosensory function (VPT) and quadriceps and hamstring co-
activation on percent change of cartilage CSA assessed via ultrasound imaging following walking. 
We evaluated the association between somatosensory function, measured via VPT, and co-
contraction ratio of quadriceps and hamstrings musculature during walking, measured via EMG.  
 
The Specific Aims of this study include the following: 
1. To determine the relationship between VPT and changes in femoral cartilage CSA after 
walking. We hypothesized that higher VPT (i.e. poorer somatosensory function) would 
be associated with a decrease in cartilage cross-sectional area following walking (i.e. 
larger decreases in femoral cartilage thickness). 
2. To determine the relationship between quadriceps and hamstring co-activation during gait 
and changes in femoral cartilage CSA after walking. We hypothesized that higher co-
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3. activation ratios would be associated with decrease in cartilage cross-sectional area. 
4. To determine if there is a significant relationship between VPT and quadriceps and 
hamstrings co-activation ratio during gait. We hypothesized that greater VPT would be 
associated with greater co-activation ratios.
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CHAPTER II: REVIEW OF THE LITERATURE 
Introduction 
 Approximately 14 million individuals in the US have symptomatic knee osteoarthritis 
(OA), with advanced OA comprising over half of those cases.1 This disorder involves chronic 
breakdown of cartilage within a joint, and considerable research has investigated biomechanical 
characteristics that predispose individuals to knee OA. Over half of all persons with symptomatic 
knee OA are younger than 65 years of age.1 Patients with knee OA often suffer from debilitating 
pain, balance deficits, and challenges with simple activities of daily living such as walking up and 
down stairs or standing from a seated position.1,3 
Because no disease-modifying treatments are available, treatments for symptomatic knee 
OA focus on symptom relief and functional restoration, including physical therapy, medications, 
joint injections, and total knee replacement.3 Knee OA costs the US healthcare system $165 billion 
annually.4-6 Even with these interventions, a large population of individuals with knee OA decrease 
their activity level or stop activity completely due to the pain associated with it. Many patients 
must take time off of work during symptom flare ups associated with knee OA, resulting in a loss 
of necessary income. Despite the financial and physical burden suffered by individuals with knee 
OA, the underlying causes of this disease are poorly understood. Our study will consider the roles 
of muscular co-contraction and vibration sense as pathophysiological factors of cartilage 
breakdown.
6 
Pathophysiology of Knee OA 
Loading rate/Impulsive loading 
Excessive and abnormal joint loading are important factors leading to an imbalance 
between the degenerative process and subsequent repair of articular cartilage.7 The significance of 
loading rate to the overall development and progression of knee OA has previously been 
demonstrated in animal studies. Studies by Ewers et al. and Radin et al. investigating the effects 
of repetitive loading have demonstrated that microfractures are present in the trabecular bone of 
rabbits when subjected to repetitive loading and that greater cartilage fissuring results from the 
same magnitude impact loads applied at higher loading rates.8,9 The subsequent process of healing 
and bone remodeling increases the stiffness of the subchondral bone, which decreases its ability to 
act as a dissipater of peak force.8,9 As a result, the overlying cartilage is exposed to greater stress. 
Abnormal loading presents a possible contributor to the mechanical pathogenesis of knee OA.  
Compressive Force 
 As muscle forces contribute to joint loading, muscle activation in knee OA is also likely to 
influence disease course.22,23 Coordination of the knee flexor and extensor muscles is a determinant 
of knee loading. Schmitt and Rudolph found that individuals with heightened co-contraction 
between the quadriceps and hamstring musculature reported the sensation of knee instability.10 
Research shows that increased muscular co-contraction elevates joint load, which could explain 
cartilage deformation as a precursor to knee OA.11,12 
Somatosensory Deficits 
Proprioception is the perception of body segment position. Previous studies have 
demonstrated that proprioceptive acuity in the lower extremities is diminished with normal aging, 
and that proprioceptive deficits are exacerbated in individuals with knee OA independent of 
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aging.13-15 Barrett et al. found that patients with osteoarthritis showed poorer joint position sense 
than those of a similar age with no joint disease by comparing accuracy in a joint repositioning 
task.16 Pai et al. and Hurley et al. found similar results of significantly decreased joint displacement 
detection threshold in OA patients compared to elderly controls and found that this measure was 
associated with worse disease-specific functional status.13,14 It has been hypothesized that this 
reduced sense of position may be pathophysiologically related to the onset or progression of knee 
OA.2 The reason behind this hypothesis is that individuals who do not have adequate movement 
or position sense may be unable to appropriately protect the joints from impulsive loading during 
ambulation.  
Sensory information is a critical component of neuromuscular control of the limb, and 
somatosensory alterations could therefore negatively affect loading of the joints while walking. 
Riskowski et al. reported a correlation between proprioception and rate of loading in healthy 
subjects, indicating that poorer proprioceptive acuity was associated with higher loading rates.24 
Shakoor et al. found that dynamic knee joint loading was directly associated with proprioception 
measurements, also indicating that the worse the proprioception, the higher the knee load during 
gait.25 Collins et al. applied a knee sleeve to subjects with knee OA in an attempt to improve 
somatosensory function and the sensation of joint stability in the arthritic limb, and found 
significant decreases in loading rates during walking.26 This was accompanied by a decrease in 
quadriceps/hamstring co-activation, suggesting a link between co-activation, somatosensory 
function, and loading rate. If these somatosensory deficits contribute to greater joint loading, it is 
important to consider their possible role as predisposing factors to the onset of knee OA.  
Somatosensory Function and Vibration Sense 
Somatosensory function has been measured in previous studies as balance, joint position 
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sense (ability to reproduce a specific flexion angle at the knee), and kinesthesia (ability to detect 
subtle flexion or extension at the knee).13,14,16 Because these methods require movement of a 
diseased and potentially unstable joint in individuals with knee OA, they may be affected by 
disease severity and pain, independent of any true lower extremity sensory deficits.15 Results from 
these methods may be further confounded by the fact that they require a fair degree of 
comprehension, concentration ability, and memory, and may be influenced by patient’s reaction 
time.15 The reliability of these procedures in most instances is not ideal and are not clinically 
feasible, as they require laboratory-specific motion capture equipment.27 Additionally the different 
methods of measuring somatosensory function are not highly correlated.28 It is intuitive to use a 
measure that is clinician friendly and safe for a person with knee OA that may be non-weight 
bearing. 
 One such clinically feasible assessment is vibratory perception threshold (VPT). The 
sensation of vibration is transmitted in parallel with proprioceptive acuity through the dorsal 
columns of the spinal cord. Both vibratory sense and proprioceptive acuity are commonly affected 
in the peripheral neuropathies.27 VPT is a sensory measure that is commonly used to evaluate 
diabetic neuropathy and has been associated with neuropathic arthropathy.12,28 Previous studies 
have found a strong positive correlation between proprioception and vibration, suggesting that they 
identify similar phenomena.2,15 Considering their closely related anatomic associations, as well as 
their possible synergistic roles in the somatosensory system, deficits in these measures may 
represent interrelated alterations in sensory processing in OA.16 However, in contrast to the poor 
precision of proprioceptive testing, the evaluation of VPT is simple and highly reproducible. 
Shakoor et al. found significant deficits in vibratory sensation at the lower extremity in subjects 
with OA of the knee compared with normal age-matched healthy subjects.17 During this study, 5 
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sites of the lower extremity were tested and the average total testing time was approximately 10 
minutes. Because it is inexpensive, portable, and the time requirement is shorter than that required 
to measure proprioception, VPT is a clinically feasible measure. Multiple studies also found high 
reliability and reproducibility with the procedure.30,31 Thus, vibratory sense represents a 
quantifiable and reliable sensory measure that may serve as a valid marker of the role of sensory 
deficits in OA. 
Heightened Co-activation 
 Alterations in the mechanical environment of the knee joint due to the breakdown of 
cartilage can adversely affect load distribution, resulting in abnormal wear within the joint and 
further breakdown of cartilage.8 Reduced range of knee flexion and heightened muscular co-
contraction during the loading phase of gait are mechanical hallmarks of those with knee OA, and 
together they represent what is known as the ‘stiffened knee response.’10,12,18 This stiffening of the 
knee is typically accompanied by increased co-contraction of the quadriceps and hamstrings 
musculature, which increase joint contact pressures.32 Deficits in proprioception could be the cause 
of ineffective muscle activation resulting in elevated impulsive loading. These deficits may cause 
a sense of instability resulting in increased muscular co-contraction as a way to stabilize the joint, 
but at the expense of increasing compressive stresses across the joint. Individuals with knee OA 
demonstrate greater co-contraction of these muscle groups compared to healthy individuals in an 
effort to improve the lacking stability of the knee, potentially causing further cartilage damage.26 
 In individuals with knee OA, co-contraction of knee muscles is heightened during walking 
as quantified by greater amplitude, longer duration, and greater co-contraction indices than disease 
free individuals.2,33,34,35 Hodges et al. evaluated the relationship between knee muscle activation 
and changes in knee joint cartilage and found that greater duration of medial muscle co-contraction 
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and greater duration of medial relative to lateral co-contraction was associated with greater annual 
percent loss of femoral cartilage volume.36 
Interaction Between Somatosensory Deficits, Co-activation, and Impulsive Loading 
 Those with knee OA likely demonstrate greater co-contraction of the hamstrings and 
quadriceps muscle groups compared to healthy controls as a way to improve the stability of the 
knee.7,32,33,34 However, this strategy increases joint contact pressures, which exacerbates pain and 
degradation of the joint.2 Malalignment, weakness, and altered muscle activation patterns are a few 
biomechanical factors implicated in knee OA progression.10 Patients with OA of the knee have 
also been shown to have lower extremity sensory deficits, measured as poor joint position sense, 
abnormal kinesthesia, poor balance, and reduced vibratory sense.16  
Alterations in the mechanical environment of the knee joint due to the breakdown of 
cartilage can adversely affect load distribution, resulting in abnormal wear within the joint and 
further breakdown of cartilage.12 Collins et al. found that employing means to improve 
proprioception in patients with knee OA via neoprene sleeve around the knee resulted in less co-
contraction of the hamstrings and quadriceps musculature and reduced loads in the knee joint.26 
This study will evaluate muscular co-contraction in a healthy population and its association with 
somatosensory function and changes in cartilage cross-sectional area caused by walking. In order 
to understand knee OA, it is important to evaluate how cartilage breakdown occurs, and to discern 
predictive factors from compensatory mechanisms.  
Cartilage Imaging 
  Progressive degradation of articular cartilage leading to a decrease in cartilage thickness 
is one of the hallmark characteristics of OA.33,34 Joint space narrowing visualized with radiography 
is considered a surrogate of cartilage thickness decline, and evidence of joint space narrowing is 
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often used in the diagnosis of OA.38 Joint space narrowing can be influenced by changes in the 
meniscus and/or position of the knee during imaging. Cartilage cannot be viewed directly via 
radiography, therefore it cannot provide signs of early OA. Though it is considered the gold 
standard for imaging-based diagnosis of OA because of its low cost and ease of access, it does not 
provide clinicians with pathophysiological information. 
 Magnetic resonance imaging (MRI) has become a key tool for OA research because of its 
ability to visualize characteristics of structures not imaged by radiography.38-41 With MRI, the joint 
can be evaluated as a whole organ; multiple tissue changes can be monitored simultaneously over 
several time points; pathologic changes of pre-radiographic OA can be detected at an earlier stage 
of the disease; and physiologic changes within joint tissues (eg, cartilage and menisci) can be 
assessed before morphologic changes become apparent.42 In the clinical setting, this is not feasible 
because of the high cost per examination. 
 Ultrasonography (US) imaging enables real-time, multi-planar imaging at low cost. It 
offers reliable assessment of OA associated features including inflammatory and structural 
abnormalities without contrast administration or exposure to radiation.43 US has recently emerged 
as a valid tool for quantitatively assessing femoral cartilage changes by demonstrating high 
agreement when compared to cross-sectional cadaver measurements and MRI.44,45 Harkey et al. 
found significant medial femoral cartilage deformation in thickness and cross-sectional area after 
both running and drop landing interventions via US.46 US is also portable and able to be moved 
from lab to lab, making it conducive to measuring changes in cartilage in the clinical setting. 
Harkey et al. also evaluated femoral cartilage thickness before and after loading during walking 
and running at a self-selected speed as well as following a control condition and observed a 6.7% 
decrease in cartilage thickness after the walking condition and was able to measure this within 5 
12 
minutes of movement, showing that US may be utilized to monitor changes in cartilage thickness 
and CSA following acute loading.20 
Rationale for Study  
Knee OA is a prevalent disease, with approximately 14 million Americans suffering from 
symptoms caused by it.1 Somatosensory deficits and exacerbated co-contraction have been 
identified in subjects with knee OA.18,19 However, these studies are retrospective in nature, 
including individuals who have been previously diagnosed. Thus, it is unknown if these 
characteristics contribute to knee OA development or if they are complications or compensatory 
mechanisms resulting from with the disease. It is essential to evaluate these characteristics in 
healthy individuals to decipher if somatosensory deficits and/or co-contraction contribute to 
greater cartilage loading.  
This study will be the first to evaluate the effects of proprioception on co-activation and 
changes in cartilage cross-sectional area. The purpose of this study is to evaluate the influence of 
somatosensory function (VPT) on quadriceps and hamstring co-activation and changes in 
cartilage structure assessed via US following walking. Changes in cartilage  cross-sectional area 
have been observed in healthy individuals after loading tasks, including walking. We will 
evaluate the associations between VPT, co-contraction ratio of quadriceps and hamstrings 
musculature, and cartilage cross-sectional area induced by walking. We expect to see a decrease 
in cartilage cross-sectional area in participants with poor somatosensory function (high VPT), 
and/or high co-contraction ratio between the quadriceps and hamstrings. If a correlation is found 
between these variables, this study will provide further insight regarding the pathophysiology of 
knee OA development. This study will then open avenues for further research into ways to 
improve these deficits and abnormal loading in healthy people in hopes of preventing knee OA. 
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CHAPTER III: METHODS 
Experimental Design  
In this observational study, femoral articular cartilage thickness was measured prior to and 
following treadmill walking in healthy, physically active individuals.  Vibratory perception 
threshold (VPT) was assessed prior to treadmill walking, and quadriceps/hamstrings co-activation 
was assessed during treadmill walking.  Statistical analyses were conducted to evaluate the 
influence of VPT and co-activation on the change in cartilage cross-sectional area caused by 
treadmill walking. 
Participants 
 Data was collected during the control session of a study which analyzed the effects of acute 
weight gain on changes in femoral cartilage cross-sectional area after a walking task. Participants 
reported for a screening, control, and intervention session. The screening session involved 
participant education on procedures of the study and signing an International Review Board, IRB, 
approved informed consent. During the control session, cartilage area was measured prior to and 
following walking 5,000 steps. The same procedure was carried out during the intervention 
session, but participants wore a weighted vest containing 15% of their body weight while walking. 
A moderate effect (d = 0.568) between cartilage cross-sectional area changes in the weighted and 
non-weighted condition was predicted based on pilot testing and means and standard deviations 
from previously published work.17 Power analysis indicated 27 participants were necessary to 
detect two-tailed statistical significance with an alpha level of 0.05 and 80% power. Thirty-two 
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healthy volunteers [males = 16, females = 16, age =  22 (2.5) years, height 1.71 (0.15) m, mass 
74.9 (11.8) kg] were recruited to ensure that 27 participants completed all sessions and account for 
a 15% dropout rate. All participants were required to be between a body mass index (BMI) of 18.5 
and 24.5, have no history of acute or chronic lower extremity musculoskeletal injury, or lower 
extremity surgery, and have no current joint pain.  
Procedures 
Session I 
Upon arrival to the Sports Medicine Research Laboratory (SMRL), participants were 
required to sign an IRB approved informed consent form (Appendix 1). We recruited a 
convenience sample of healthy individuals between the ages of 18 and 30 years who self-reported 
participating in physical activity for at least 20 minutes 3 days per week, assessed via the 
International Physical Activity Questionnaire (IPAQ) (Appendix 2). The participants were 
screened to ensure they met the inclusion criteria through a data collection sheet where they 
reported history of acute and chronic lower extremity musculoskeletal injury (Appendix 3). If they 
passed, 5 trials of “normal” walking speed were obtained. Instructions were given to participants 
to “walk as if you’re walking on the sidewalk of a road” as they walked through 2 infrared timing 
gaits spaced 1 meter apart. Walking speed was then averaged and calculated to miles per hour to 
use during the second session on the treadmill. 
Vibratory Perception Threshold 
 VPT was evaluated using a biothesiometer (Bio-Medical Instrument Co., Newbury, OH) 
(Figure 3). This device consists of a solid applicator tip that vibrates at a constant frequency of 120 
Hz and a manual dial that is used to adjust vibration intensity. Participants were positioned side-
lying and the biothesiometer was applied uniformly to four bony prominences of the lower 
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extremity (medial and lateral epicondyles, medial and lateral malleoli) with the weight of the 
device as the only source of pressure (Figure 4). VPT was also assessed at the dorsal surface of 
the head of the first metatarsal with the ankle in a neutral position and the foot resting on the floor. 
Prior to testing, the participant was given a demonstration of the effect of the biothesiometer on 
the hand to familiarize him/her with the vibratory sensation. With the biothesiometer placed at the 
testing site and the voltage/intensity set to 0, the intensity was increased at a rate of 1 V/s, and the 
participant was instructed to verbally indicate when he/she first sensed the vibration. The 
corresponding voltage was then recorded as the VPT. Three trials were conducted at each testing 
site and averaged for statistical analysis. Each testing site was indicated with a marker to increase 
reliability. A higher VPT measure represents poorer somatosensory function. 
 
Figure 1. VPT was evaluated using a biothesiometer (Bio-Medical Instrument Co., Newbury, 
OH). This device consists of a solid applicator tip that vibrates at a constant frequency of 120 Hz 
and a manual dial that is used to adjust vibration intensity.
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Figure 4. Participants were positioned side-lying and the biothesiometer was applied uniformly 
to four bony prominences of the lower extremity (medial and lateral epicondyles, medial and 
lateral malleoli) with the weight of the device as the only source of pressure.  
Session II 
Upon arrival to the Human Performance Center (HPC) at the University of North Carolina-Chapel 
Hill for data collection, electromyography (EMG) electrodes were placed over the quadriceps and 
hamstring muscles, VPT was measured, then participant rested on a padded table in a long-sit 
position with the knees in full extension for 45 minutes to unload the cartilage, permit fluid 
rebound, and minimize effects of preceding activity.20,46,47 Ultrasound images of the femoral 
cartilage were then obtained prior to and following treadmill walking during which EMG data 
were sampled. Data were sampled from both the right and left legs, but for the purpose of this 
study only data from the dominant limb were used for statistical analyses. The dominant leg was 
defined as the leg a participant would choose to kick a ball with.  EMG Electrode Placement 
Preamplified surface EMG electrodes (Trigno, DelSys Inc., Natick, MA) were placed 
bilaterally over the vastus lateralis, vastus medialis, biceps femoris, and medial hamstrings to 
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evaluate the electrical activity of these muscles during treadmill walking (Figures 1 and 2). The 
investigator identified the area of greatest muscle bulk for each muscle, and these areas were then 
shaved, lightly abraded, and cleaned with isopropyl alcohol. The electrodes were secured to the 
skin with adhesive collars and tape approximately parallel to the direction of action potential 
propagation, and electrode placements were verified via manual muscle testing and observing the 
signal on an oscilloscope.  
  
Figure 3 and 4. EMG Electrode placement over the area of greatest muscle bulk approximately 
parallel to the muscle fibers for the quadriceps and hamstrings musculature. 
Ultrasonographic Assessment of the Femoral Articular Cartilage 
  After the participant was fitted with EMG electrodes, VPT was measured, and he/she had 
been sitting for 45 minutes, ultrasound images were obtained from both knees in a counterbalanced 
order. The knee being imaged was positioned in 140° of flexion using a manual goniometer while 
the participant was seated with his/her back against a wall. A tape measure was secured to the table 
and the distance between the wall and the posterior calcaneus was recorded to ensure accurate 
repositioning for post-test assessments. A LOGIQe US system (General Electric Co., Fairfield, 
CT) with a 12MHz linear probe was used to image the femoral cartilage. The probe was placed 
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transversely in line with the medial and lateral femoral condyles above the superior edge of the 
patella and rotated to maximize reflection of the ultrasound beam off the articular cartilage surface 
(Figures 5 and 6). A transparency grid was placed over the US screen divided in increments of 
2mm by 70mm to aid in reproducibility of the probe placement. With the intercondylar notch 
centered on the grid, the positioning of the lateral and medial condyles on the grid was recorded 
and replicated in subsequent assessments. Three images were recorded for each participant.  
         \ 
Figure 5 and 6. A 12MHz linear probe was used to image the femoral cartilage. The probe was 
placed transversely in line with the medial and lateral femoral condyles above the superior edge 
of the patella and rotated to maximize reflection off the articular cartilage surface. 
 
 
Treadmill Walking Protocol 
 After the US images were obtained, an investigator transported the participant from the 
treatment table to the treadmill via wheelchair. The participants then walked at a self-selected pace 
for 5,000 stepson a treadmill (4Front, WOODWAY, Waukesha, WI) at the previously determined 
self-selected speed.
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Force Sensitive Resistor (FSR) Sensors (Trigno, DelSys Inc., Natick, MA) placed on the 
plantar surfaces of the calcaneus and head of the first metatarsal (Figure 7 and 8) were used to 
identify steps and phases of the gait cycle. After 5 minutes of the participant walking at a self-
selected speed, FSR sensor and EMG data were sampled for 1 minute. Custom LabVIEW code 
was then used to calculate the number of steps per minute and estimate the time required to attain 
5,000 steps. Total stance phase, the weight bearing phase of gait, was defined as the interval from 
heel strike to toe-off from the FSR sensors. This information was used as a timestamp for 
interpreting the muscular activation recorded via EMG.  
gure7.   
Figure 7 and 8. One channel of the FSR sensor was placed beneath the calcaneous, while the 
other was placed under the first distal phalanxes. These recorded activity via contact during the 
participant’s heel strike and toe-off phases of gait. 
Post-Walking Ultrasonographic Assessment of the Femoral Articular Cartilage 
 Ultrasound images of the femoral cartilage were again obtained immediately following the 
walking protocol. Using the tape measure secured to the treatment table, the participant was placed 
in the same position as during the baseline US assessment, the US probe was repositioned using 
the transparency grid, and 3 images of the femoral cartilage were obtained via the same procedures. 
All post-loading US images were captured within 5 minutes following the walking protocol to 
minimize fluid rebound of the cartilage. 
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Ultrasonographic Image Analysis 
US images were processed using ImageJ software (National Institutes of Health, Bethesda, 
MD). To determine femoral cartilage cross-sectional area, the femoral cartilage was segmented by 
identifying the entire visualized cartilage-bone interface and soft tissue-cartilage interface for the 
cartilage of the medial and lateral femur, measured in mm2. This was completed in ImageJ by 
outlining the cartilage via segmentation. Values were obtained for each of the three images for 
each time point (pre and post walking) and averaged for statistical analysis. 
.  
Figure 9. US Image Analysis. 
Data Reduction 
 EMG and FSR sensor data were sampled for 1 minute after 5 minutes of walking, after the 
midpoint of each participant’s walking protocol, and during the last minute of walking.  EMG data 
were corrected for DC bias, bandpass (20-350 Hz) and notch (50.9-60.5 Hz) filtered (4th order 
Butterworth), full wave rectified, and lowpass filtered at 10 Hz (8th order Butterworth) to create a 
linear envelope.26 Quadriceps/hamstrings co-contraction indices were calculated as described by 
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Schmitt and Rudolph.10  The EMG linear envelope was normalized to the peak amplitude during 
each stance phase averaged across all stance phases within a given sampling interval (i.e. 1 minute 
intervals after 5 minutes, at the midpoint of the walking protocol, and the final minute), and the 
co-contraction index was evaluated via the following equation:  
𝐶𝐶𝐶𝐶 − 𝑐𝑐𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝑐𝑐 𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖 =  ∑ 𝐸𝐸𝐸𝐸𝐸𝐸𝐿𝐿𝑖𝑖𝐸𝐸𝐸𝐸𝐸𝐸𝐻𝐻𝑖𝑖 (𝐸𝐸𝐸𝐸𝐸𝐸𝐿𝐿𝑖𝑖 + 𝐸𝐸𝐸𝐸𝐸𝐸𝐿𝐿𝐻𝐻𝑖𝑖)𝑛𝑛𝑖𝑖=0
𝑐𝑐
 
EMGL and EMGH are the EMG activity of the least active and more active muscle between the 
two antagonists, respectively. The co-activation index was calculated over three distinct 
intervals: 1) preparatory (PRE) – the 100ms prior to heel strike, 2) the 200ms interval centered 
on heel strike (HS), and 3) weight acceptance (WA) – the 1st 50% of the stance phase. Co-
Activation ratio was calculated between both the lateral musculature (vastus lateralis and long 
head of the biceps femoris), medial musculature (vastus medialis and medial hamstring muscles), 
and composite (both anterior to posterior muscles).  
Statistical Analysis 
 Statistical analysis was performed using SPSS. Partial Pearson correlation coefficients 
were used to measure strength and direction of 3 relationships: 1) between participants’ cartilage 
pre-post cross-sectional area change scores and the co-contraction index 2) between change in 
cartilage cross-sectional area change scores and VPT, and 3) between VPT and co-activation 
index. A partial Pearson correlation coefficient was used to account for differences in participant’s 
walking speed, which has been shown to influence gait biomechanics and levels of cartilage 
breakdown.48 In addition, multiple regression was performed considering co-contraction ratio and 
VPT measures as explanatory variables and change in cartilage CSA the dependent variable. 
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CHAPTER IV: RESULTS 
Participants 
 Due to the stringency of the inclusion criteria on BMI, outcome measures were collected 
on 31 of the 32 initially enrolled subjects. The one subject whose measurements were not utilized 
did not have a qualifying BMI between 18.5 and 24.9, as subcutaneous adipose tissue can limit the 
effectiveness of the EMG amplitude signal.49 Sixteen males and fifteen females completed the 
study. The participants’ demographics can be found in Table 1. 
 
Measure N = 31 
Age (years) 
 
Height (m) 
 
Mass (kg) 
 
Sex 
 
Gait Speed (mph) 
22 ± 2.5 
 
1.71 ± 0.15 
 
74.9 ± 11.8 
 
16 males (51.6%), 15 females (48.4%) 
 
3.0 ± 0.3 
Table 1. Subject Demographics (mean ± sd) 
 
Correlations between Percent Change in Cartilage Cross-Sectional Area and Vibratory 
Perception Threshold 
 There was no significant association between percent change in cartilage cross-sectional 
area and vibratory perception threshold at the lateral femoral condyle (p = 0.381), medial femoral 
condyle (p = 0.493), lateral malleolus (p = 0.952), medial malleolus (p = 0.850), or head of the 
first metatarsal (p = 0.330) of the dominant limb. Descriptive statistics for these relationships are 
provided in Table 2.
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 Lateral 
Femoral 
Condyle 
Medial 
Femoral 
Condyle 
Lateral 
Malleolus 
Medial 
Malleolus 
Metatarsal 
Head 
 
% Change in 
Cartilage 
Area 
         
 
-0.166 
(0.381) 
 
-0.130 
(0.493) 
 
0.011 
(0.952) 
 
-0.036 
(0.850) 
 
-0.184 
(0.330) 
Table 2. Correlations between Percent Change in Cartilage CSA and VPT (r correlation coefficient 
above p value in parentheses) 
Correlations between Change in Cartilage Cross-Sectional Area and Co-Activation 
Correlations between percent change in cartilage CSA and co-activation ratios are 
presented in Table 3. Greater medial (r = 0.441, p = 0.015) and composite (r = 0.468, p = 0.009) 
co-activation during the Heelstrike phase was associated with a greater change in cartilage CSA.  
Similarly, greater medial (r = 0.511, p = 0.004) and composite (r = 0.392, p = 0.032) co-activation 
during the Load Acceptance phase was associated with a greater change in cartilage CSA. The 
directions of these correlations were positive indicating that greater co-activation was associated 
with greater increases in cartilage area. The relationship between medial co-activation ratio during 
heel strike phase and changes in cartilage CSA is shown in a scatter plot labeled Figure 10. The 
relationships between composite co-activation ratio during Heelstrike phase and changes in 
cartilage CSA is shown in a scatter plot labeled Figure 11. The relationship between medial co-
activation during Load Acceptance phase and change in cartilage CSA is shown in Figure 12. The 
relationship between composite co-activation during Load Acceptance phase and change in 
cartilage CSA is shown in Figure 13.
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Co-activation Index Percent Cartilage Change 
Composite    
    Preparatory 
     
     
    Heelstrike  
   
 
   Load Acceptance 
 
0.031 
(0.872) 
 
0.468 
(0.009) 
 
0.392 
(0.032) 
Lateral 
    Preparatory 
 
 
    Heelstrike  
 
 
    Load Acceptance 
 
0.184 
(0.330) 
 
0.267 
(0.154) 
 
0.087 
(0.649) 
Medial 
    Preparatory 
 
 
    Heelstrike  
 
 
    Load Acceptance 
 
-0.141 
(0.457) 
 
0.441 
(0.015) 
 
0.511 
(0.004) 
Table 3. Correlations between Percent tFCSA Change and Co-activation (correlation coefficient 
r above p value in parentheses, significance bolded)
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Figure 10. Percent Change in Cartilage CSA and Composite Co-Activation during HS 
 
Figure 11. Percent Change in Cartilage CSA and Medial Co-Activation during HS
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Figure 12. Percent Change in Cartilage CSA and Composite Co-Activation during LA 
 
Figure 13. Percent Change in Cartilage CSA and Medial Co-Activation during LA 
Correlations between Vibratory Perception Threshold and Co-Activation 
Correlations between VPT and co-activation ratios are displayed in Table 4. A significant 
relationship was observed between lateral malleolus VPT and composite co-activation ratio during 
the preparatory phase (r = -0.443, p = 0.014). The negative direction of this indicates that lower 
VPT measures were associated with higher co-activation of the quadriceps and hamstrings during 
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the preparatory phase of gait. Another significant correlations was observed between lateral co-
activation during the load acceptance phase and lateral malleolus VPT (r = 0.415, p = 0.023). The 
positive direction of this correlation indicates that greater VPT at the lateral malleolus was 
associated with greater co-activation. The association between lateral malleolus VPT measures 
and composite co-activation ratio during preparatory phase of gait is further defined by the scatter 
plot in Figure 14, and the association between lateral malleolus VPT measures and lateral co-
activation during the load acceptance phase of gait is further defined by the scatter plot in Figure 
15. 
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Co-activation 
Index 
Lateral 
Femoral 
Condyle 
Medial 
Femoral 
Condyle 
Lateral 
Malleolus 
Medial 
Malleolus 
Metatarsal 
Head 
Composite    
    Preparatory 
     
     
    Heelstrike  
   
 
   Load Acceptance 
 
-0.246 
(0.190) 
 
0.066 
(0.731) 
 
0.174 
(0.358) 
 
-0.049 
(0.799) 
 
0.076 
(0.689) 
 
0.264 
(0.158) 
 
-0.443 
(0.014) 
 
-0.033 
(0.861) 
 
0.304 
(0.103) 
 
-0.337 
(0.069) 
 
-0.078 
(0.682) 
 
.117 
(0.537) 
 
-0.284 
(0.128) 
 
-0.103 
(0.587) 
 
0.032 
(0.868) 
Lateral 
    Preparatory 
 
 
    Heelstrike  
 
 
    Load 
Acceptance 
 
-0.076 
(0.688) 
 
0.123 
(0.519) 
 
0.170 
(0.368) 
 
0.116 
(0.543) 
 
0.261 
(0.164) 
 
.323 
(.082) 
 
-0.241 
(0.199) 
 
0.102 
(0.591) 
 
0.415 
(0.023) 
 
-0.142 
(0.453) 
 
-0.075 
(0.693) 
 
0.106 
(0.577) 
 
0.029 
(0.878) 
 
-0.131 
(0.492) 
 
-0.099 
(0.604) 
Medial 
    Preparatory 
 
 
    Heelstrike  
 
 
    Load 
Acceptance 
 
-0.103 
(0.587) 
 
0.026 
(0.890) 
 
.102 
(0.591) 
 
0.008 
(0.965) 
 
-0.065 
(0.734) 
 
-0.025 
(0.895) 
 
-0.157 
(0.407) 
 
-0.046 
(0.810) 
 
0.139 
(0.465) 
 
-0.065 
(0.734) 
 
0.097 
(0.610) 
 
0.220 
(0.244) 
 
-0.192 
(0.309) 
 
0.149 
(0.432) 
 
.351 
(0.057) 
Table 4. Correlations between Co-Activation and VPT (correlation coefficient r above p value in 
parentheses, significance bolded)
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Figure 14. Lateral Malleolus VPT and Composite Co-Activation during Preparatory Phase 
 
Figure 15. Lateral Malleolus VPT and Lateral Co-Activation during Load Acceptance
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CHAPTER V: DISCUSSION 
 The purpose of this study was to examine associations between somatosensory function, 
lower extremity muscular co-activation, and changes in cartilage pre and post-walking. The first 
of three research hypotheses stated that greater VPT, or poorer vibration sense, would associate 
with a greater percent change in cartilage CSA. The second hypothesis stated that greater co-
activation of the hamstrings and quadriceps would associate with a greater percent change in 
cartilage CSA. The third hypothesis stated that greater VPT would associate with greater co-
activation of the hamstrings and quadriceps.  
Vibratory Perception Threshold and Percent Change in Cartilage CSA 
The results of this study showed no association between vibratory perception threshold and 
percent change in cartilage CSA. These results did not support the original hypothesis that 
participants with greater VPT would display greater cartilage deformation.  
The sensation of vibration is transmitted in parallel with proprioceptive acuity through the 
dorsal columns of the spinal cord. Both vibratory sense and proprioceptive acuity are commonly 
affected by peripheral neuropathies.27 VPT is a sensory measure that is commonly used to evaluate 
diabetic neuropathy and has been associated with neuropathic arthropathy.12,28 Previous studies 
have found a strong positive correlation between proprioception and vibration, suggesting that they 
identify similar phenomena.2,15 Considering their closely related anatomic associations, as well as 
their possible synergistic roles in the somatosensory system, deficits in these measures may 
represent interrelated alterations in sensory processing in individuals with OA.16 Shakoor et al.  
found significant deficits in vibratory sensation in the lower extremity in subjects with knee OA 
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compared to age-matched healthy subjects, and that significantly higher VPT was present in 
subjects with moderate-to-severe severity of knee OA compared to those with mild radiographic 
knee OA.17 In another study by Shakoor et al. also observed a direct association between peak 
external knee adduction moment, an indicator of medial compartment knee joint loading, and VPT 
in individuals with knee OA.25 This finding linked the structural consequences associated with 
somatosensory deficits in patients with knee OA. Based on findings in individuals with knee OA, 
it was hypothesized that worse sensation in healthy individuals would correlate with greater 
cartilage deformation.  
Although insignificant, the mean VPT values obtained from our sample were similar to 
those reported by Shakoor et al. in healthy individuals (Table 5).17 The relatively small population 
of 31 healthy participants may not have had enough variation within the cohort to prove or disprove 
this hypothesis. While the same number of subjects were utilized in both studies, Shakoor et al. 
found large variability between locations and subjects, with standard deviations as high as 7.0 and 
9.1 volts.17 This could be explained by due to their age matched controls, which were significantly 
older than the population of this study (51.8+10.8 years). Shakoor’s study also had no BMI 
restrictions on healthy individuals (29.8+5.6kg/cm2), only exclusion criteria of the presence of 
diabetes for less than 10 years as well as no hip or knee replacement or neuropathy, in contrast to 
our healthy, active participants. This highlights the large distribution of the measurement process 
of obtaining VPT measures. Evaluation of VPT may be simple and highly reproducible, but it’s 
validity as a marker of sensory deficits in healthy subjects must be validated for future studies. 
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 Shakoor et al. (n = 31) Current Study (n = 31) 
Lateral Femoral 
Condyle 
 
Medial Femoral 
Condyle 
 
Lateral 
Malleolus 
 
Medial 
Malleolus 
 
Metatarsal Head 
 
18.9 ± 9.1 
 
 
15.9 ± 7.0 
 
 
10.4 ± 3.2 
 
 
12.3 ± 5.2 
 
6.4 ± 3.3 
 
15.4 ± 4.2 
 
 
16.5 ± 4.5 
 
 
10.1 ± 2.1 
 
 
10.8 ±2.9 
 
6.0 ± 1.7 
Table 5 Healthy Population VPT (mean ± sd) 
 
Co-Activation and Percent Change in Cartilage CSA 
The results of this study showed an association between co-activation and cartilage 
deformation. However, the direction of this correlation was opposite our hypothesis, in that greater 
co-activation was associated with greater increases in cartilage CSA. These significant findings 
were consistent along multiple phases of gait including composite and medial co-activation 
measures during the heel strike and load acceptance phases. Of the 31 participants in this study, 
seventeen individuals displayed a decrease in cartilage cross-sectional area, and the remaining 
fourteen displayed an increase in cross-sectional area. Our hypothesis was inspired by previous 
studies that observed significant cartilage deformation, or decrease in cartilage thickness, post-
walking or running in healthy individuals.20,47,50 Hodges et al. observed a positive association 
between the duration of medial quadriceps and hamstrings co-contraction and medial cartilage 
loss.36 Collins et al. reported decreases in co-activation associated with decreased knee loading 
rates in subjects with knee OA.26 The stiffened knee response previously reported in individuals 
with knee OA during gait is typically accompanied by increased co-contraction of the quadriceps 
and hamstrings musculature, which increases joint contact pressures.18 Based on the stiffened knee
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 response, this study attempted to support the theory that greater co-contraction of the quadriceps 
and hamstrings musculature leads to greater joint contact pressures, and ultimately deforms 
cartilage excessively.2 
These conflicting results may be explained by the methodology of knee cartilage area 
measurement and analysis. This study measured cartilage cross-sectional area rather than thickness 
measures, as well as the ultrasound imaging method, which provides a limited view of the cartilage. 
Kinematics were also excluded from this study, which would provide further details about knee 
joint loading and associated cartilage changes. The results may also be an effect of the blinding 
used to analyze the US images.  
Cartilage Thickness vs Cross-Sectional Area 
Past MRI studies have measured decreases specifically in medial cartilage thickness, 
Niehoff et al. observed a 2.6% decline after over-ground running and Boocock et al. observed a 
5.3% decrease post-running.47,50 Hodges et al. found that greater duration of medial muscle co-
contraction and greater duration of medial relative to lateral co-contraction was associated with 
greater annual percent loss of femoral cartilage volume via MRI.36 In order to utilize ultrasound 
measures, this study was based off of the methodology presented by Harkey et al., who observed 
a 6.7% decrease in medial compartment cartilage thickness after walking via ultrasound.20 In 
another study by Harkey (2018), femoral cartilage CSA measures were validated when he 
observed a significant time and condition (time increments of US measures post-jump landing) for 
decreases in medial and lateral cross-sectional area.46 However, we evaluated the area of the entire 
section of cartilage that was visible in the field of view rather than medial and lateral cartilage 
CSA or thickness separately, which may have been more sensitive to changes in the cartilage post-
loading tasks.
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Location of Cartilage Assessed 
 Previous studies have found significant changes in cartilage deformation using 
US.20,45,51 However, US only utilizes a small portion of the cartilage as a whole. Cartilage is 
viscoelastic in nature, and fluid flow throughout the cartilage to attenuate load is pertinent. Niehoff 
et al. observed pronounced cartilage deformation after running and drop landing task on the lateral 
tibia alone when looking at patellar, tibial, and femoral cartilage measures via MRI.47 
Coleman et al. observed diurnal changes in tibiofemoral and patellofemoral cartilage and 
cumulative strain via MRI, including increases in thickness in some areas of the cartilage 
simultaneous with decreases in others.52 Our ultrasound images permitted assessment of a section 
of the femoral cartilage that was 4cm wide in the frontal plane x 1cm wide in the transverse plane.  
As such, the methods of this study only utilized a single 1cm width about the cartilage, the increase 
in cartilage CSA observed in this study may not have been the most significant change throughout 
the cartilage post-walking trial when associated with muscular co-activation.  
Increase in cartilage following walking that we observed may be attributable to fluid 
rebound in the cartilage surrounding the specific location being loaded. Differences in muscular 
co-contraction between during gait alter load distribution throughout the lower extremity. Previous 
studies have linked co-activation of the quadriceps/hamstrings during walking gait and increased 
knee joint loads via kinematics in participants with knee OA.10,53,54 Hubley-Kozey et al. found a 
greater co-activation ratio in a severe knee OA group compared with an asymptomatic group.54 
Selistre et al. included subjects specifically with medial compartment knee OA, and found their 
external knee adduction moment, which is strongly associated with medial and lateral load ration 
and disease progression.53,55,56 The US methodology of only looking at distal femoral cartilage US 
with the participant in 140º knee flexion would miss this location-specific change within the knee 
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joint as a whole. Wretenberg et al. utilized MRI to define tibiofemoral contact points at 0º, 30º, 
and 60º of knee flexion and found that with increases in angle, contact point moved anteriorly 
along the tibial and posterior along femoral cartilage.57 If this is the case, our ultrasound method 
may have assessed an area of the cartilage that was anterior or posterior to the aspect of the contact 
point where concentrated cartilage loading from muscular co-activation occurred. It is pertinent to 
look specifically at kinematics such as knee joint angle in addition to muscular co-activation 
patterns during gait to further understanding about the location of cartilage being loaded versus 
the location shown in US imaging. 
Blinding 
In this study, a single individual obtained and analyzed all cartilage US images. This 
individual was blinded to subject and condition (pre- vs post-test). In previous studies by Harkey 
et al., where significant decreases in cartilage area were reported, the analyzer was not blinded.20,46 
Felson et al. analyzed MRI images of wrist cartilage effected by rheumatoid arthritis and found 
that accuracy (based on the relationship between sensitivity and specificity) was slightly greater 
when films were read with known chronology.58 The authors concluded that knowing the 
chronological sequence leads to an increase in detecting clinically relevant changes in patients 
without serious overestimation of non-relevant differences, and that ‘analyzing a clinical trial 
should be done preferably by reading films in chronological order’.58 While our rationale was to 
reduce reader bias toward finding expected decreases in cartilage post-walking, it can be argued 
that risk of false positives was greater due to decreased accuracy and increase in noise of the 
images, overall decreasing power and sensitivity. In a policy paper on best practices in Medical 
Imaging Techniques for trials, the FDA and PhRMA worked together to identify multiple different 
acceptable scenarios for image presentation including blinded to sequence or known chronology 
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displays.59 They stated “the type of presentation often depends on the therapeutic area, the imaging 
technology being deployed, and the reasons for the review” of images.59 Therefore, further 
research on the best blinding technique for femoral articular cartilage US of cross-sectional area is 
necessary to set a gold standard.  
Vibratory Perception Threshold and Co-Activation 
 VPT at the lateral malleolus was associated with composite co-activation during the 
preparatory phase. VPT at the lateral malleolus was also associated with lateral co-activation 
during the load acceptance phase of gait, but this association presented in an opposite direction. 
The results of this study observed greater VPT at the lateral malleolus was associated with 
increased composite co-activation during the PRE-phase of gait, but decreased lateral co-activation 
during LA. The conflicting nature of these associations are displayed in Figure 14 and Figure 15. 
A portion of this finding supports our hypothesis in that individuals with greater VPT, a sign of 
worse vibration sense, would display greater co-activation. Shakoor et al. observed a correlation 
between higher VPT at the 1st metatarsal head and greater knee joint load, which was attributed to 
this site being most sensitive and closely related anatomic site to appreciate the sensation of the 
foot touching the ground during ambulation.17 The associations observed in this study may be 
spurious findings due to the conflicting significance with composite muscular co-activation in one 
phase of gait, and lateral muscular co-activation in another. The limited number of significant 
associations across the 5 bony landmarks that were tested prompts further research within healthy 
populations and VPT. 
Limitations 
The current study has some limitations that should be considered. First, regarding 
ultrasound image acquisition and analysis, we only assessed cartilage area. Cartilage thickness 
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may have given us more information about the nature of cartilage pre and post walking, as well as 
measurements at different knee flexion angles in order to view multiple contact areas of the 
femoral articular cartilage. This study’s methods  also blinded US image analyzer to condition. 
Also, we did not address participants’ kinematics during gait in order to identify those who walked 
with a ‘stiffened knee response’ similar to individuals diagnosed with knee OA.  
The second set of limitations revolve around VPT assessment. This study measured VPT 
during a separate screening session rather than during the same session when cartilage deformation 
was assessed.  Shakoor et al., measured VPT on the same day as the walking task and data 
collection sessions. It is possible that the delay between VPT measurement and the loading task as 
well as US images influenced the results.17 This study also measured VPT in a non-weight bearing 
position. While a non-weight bearing position is ideal for patients with knee OA because it 
removes the risk of pain and further injury, it is not a functional measurement. This study attempted 
to correlate somatosensory function with co-activation while walking. Walking consists of double 
leg stance and single leg swing phase, therefore a weight bearing somatosensory measure may 
have shown significant correlations with co-activation while walking.  
The third limitation to be addressed is the walking task itself. This study required 
participants walk 5,000 steps in order to simulate daily walking throughout the day for a healthy 
individual. A more challenging task such as applying a weighted vest during walking could have 
produced more variability between participants in co-activation. The additional weight could 
highlight the need for activation of musculature to stabilize about the knee joint while walking. In 
this case, increased variability within the sample would further explain the relationship between 
somatosensory function and co-activation when compared with cartilage measures.
38 
Conclusion 
 In summary, this study provides information about potential associations between 
somatosensory function, muscular co-activation, and changes in femoral articular cartilage 
measures. The results showed no association between VPT and percent change in cartilage CSA. 
It also observed an association between greater VPT at the lateral malleolus and increased 
composite co-activation during the PRE-phase of gait, but decreased lateral co-activation during 
LA. The most prominent finding of this study showed a positive association between VPT 
measures, and co-activation indices. These results conflict with previous studies that found a 
decrease in cartilage thickness and CSA via US post-walking, and studies that correlated increases 
in co-activation with decreases in cartilage measures.20,36,46 Measuring cartilage CSA rather than 
thickness, the limited view and methodology of US, or blinding for US analysis utilized here may 
explain these findings. Participants included in this study were screened for previous history of 
hip, knee, or ankle pain and injury, as well as required to be physically active for at least thirty 
minutes three times per week. This strict inclusion criteria may have limited the amount of 
variability to find significant differences within the sample. Future studies will be important for 
better defining a gold-standard methodology linking these measurements to predisposing factors 
to knee OA.
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APPENDIX 1: IRB APPROVED CONSENT 
University of North Carolina at Chapel Hill 
Consent to Participate in a Research Study 
Adult Participants  
 
Consent Form Version Date: 06/28/2017 
IRB Study # 17-0274 
Title of Study: Effect of Simulated Weight Gain on Articular Cartilage Deformation and Neuromuscular Function 
Following Walking 
Principal Investigator: Cassie Perrella 
Principal Investigator Department: Exercise and Sport Science 
Principal Investigator Phone number: 904-671-3312 
Principal Investigator Email Address: cassiep@live.unc.edu  
Co-Investigators: Emily Guadagno, Brian Pietrosimone, Troy Blackburn, William Prentice, Erik Wikstrom, 
Brett Pexa, Hope Davis, Chris Johnston 
Study Contact Telephone Number: 904-671-3312 
Study Contact Email: cassiep@live.unc.edu 
_________________________________________________________________ 
 
What are some general things you should know about research studies? 
You are being asked to take part in a research study.  To join the study is voluntary. You may refuse to join, or you 
may withdraw your consent to be in the study, for any reason, without penalty. 
 
Research studies are designed to obtain new knowledge. This new information may help people in the future.   You 
may not receive any direct benefit from being in the research study. There also may be risks to being in research 
studies. Deciding not to be in the study or leaving the study before it is done will not affect your relationship with 
the researcher, your health care provider, or the University of North Carolina-Chapel Hill. If you are a patient with 
an illness, you do not have to be in the research study in order to receive health care. 
 
Details about this study are discussed below.  It is important that you understand this information so that you can 
make an informed choice about being in this research study.  
You will be given a copy of this consent form.  You should ask the researchers named above, or staff members who 
may assist them, any questions you have about this study at any time. 
 
What is the purpose of this study? 
The purpose of this research study is to determine how walking with and without weight affects knee and ankle 
cartilage health in healthy individuals. 
You are being asked to be in the study because you are a healthy, physically active person between the ages of 18-35 
years. 
 
Are there any reasons you should not be in this study? 
You should not be in this study if you: 
1) Do not participate in at least 30 minutes of physical activity at least three times per week. 
2) Have a history of the following general orthopedic conditions 
a. Congenital or degenerative joint condition 
b. Orthopedic implant 
c. Current joint pain (quantified as less than 2 on a 10 cm visual analog scale 
d. Cartilage injury of any joint 
e. Lower extremity fracture
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f. Upper extremity fracture 
3) Have a history of ligamentous or cartilage injury to the knee or hip 
4) Have a BMI that exceeds 30 kg/m2 
 
How many people will take part in this study? 
There will be approximately 32 people in this research study.  
 
How long will your part in this study last? 
If you agree to participate, you will complete a quick screening session (<30 minutes) in the Sports Medicine 
Research Laboratory. For data collection, you be asked to report to the Sports Medicine Research Laboratory for 
two testing sessions separated by approximately 7 days. Each testing session will last approximately 2.5 hours. 
 
What will happen if you take part in the study? 
If you agree to take part in this study, you will begin by completing an initial screening session. During this 
screening session, you will begin by completing some electronic forms to measure your physical activity. Then we 
will have you walk in our biomechanics area to determine your height, weight, quadriceps strength, and average 
walking speed, which will be used in future data collection sessions. 
For each data collection session, you will report to the Sports Medicine Research Laboratory. The following 
procedures will occur identically between the three sessions, except the physical activity that occurs during each 
session will be different. 
1. Vibratory Perception Threshold- While lying on your side, we will place the tip of a biothesiometer on 
different points on your lower body. The biothesiometer will emit small vibrations and you will be asked to 
tell us when you begin to feel the vibratory sensation.  
2. Electromyography- You will also be asked to contract different leg muscles so that we can identify where 
to place electrodes. Once identified, small areas of skin will be shaved, lightly abraded, and cleaned and the 
electrodes will be secured to your skin with tape. You will be asked to complete the walking protocol with 
the electrodes secured to your skin. 
3. Rest – You will sit on a treatment table for 1 hour. This allows for your knee cartilage to “unload”. 
4. Ultrasound Assessment – You will then be instructed to maximally bend your knee and ankle, and we will 
use an ultrasound machine to take a picture of the inside of your knee and ankle to measure your cartilage. 
5. Walking- 
a. Non-weighted – You will be asked to walk at a self-selected speed on a treadmill for 5,000 steps. 
This will take approximately 45 minutes, depending on how fast you walk. 
b. Weighted – You will be fitted with a weighted vest consisting of 20% of your total body weight. 
You will then be asked to walk at a self-selected speed on a treadmill for 5,000 steps. This will 
take approximately 45 minutes, depending on how fast you walk. 
6. Post Test– You will immediately return back to the treatment table and we will take an identical ultrasound 
assessment measures.  
 
What are the possible benefits from being in this study? 
Research is designed to benefit society by gaining new knowledge.  You will not benefit personally from being in 
this research study. 
 
What are the possible risks or discomforts involved from being in this study? 
The physical activity conditions you will perform (i.e. Walking) carry the minimal potential for muscle or joint 
injury.  Since you are physically active, these risks are not different from the risks you experience with normal 
physical activity/exercise.   
 
There may be uncommon or previously unknown risks. You should report any problems to the researcher. 
 
What if we learn about new findings or information during the study? 
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You will be given any new information gained during the course of the study that might affect your willingness to 
continue your participation.  
 
How will information about you be protected? 
Any information obtained in connection with this research study that can be linked to you will remain confidential. 
You will be identified only by a subject identification number.  A code list that associates your name and 
information with a specific subject identification number will be kept under key-card access on a password-
protected computer in the Sports Medicine Research Laboratory. Only the research team will have access to this 
information. 
 
Participants will not be identified in any report or publication about this study. Although every effort will be made to 
keep research records private, there may be times when federal or state law requires the disclosure of such records, 
including personal information.  This is very unlikely, but if disclosure is ever required, UNC-Chapel Hill will take 
steps allowable by law to protect the privacy of personal information.  In some cases, your information in this 
research study could be reviewed by representatives of the University, research sponsors, or government agencies 
(for example, the FDA) for purposes such as quality control or safety. 
 
What will happen if you are injured by this research? 
All research involves a chance that something bad might happen to you.  This may include the risk of personal 
injury. In spite of all safety measures, you might develop a reaction or injury from being in this study. If such 
problems occur, the researchers will help you get medical care, but any costs for the medical care will be billed to 
you and/or your insurance company. The UNC-Chapel Hill has not set aside funds to pay you for any such reactions 
or injuries, or for the related medical care. You do not give up any of your legal rights by signing this form. 
 
What if you want to stop before your part in the study is complete? 
You can withdraw from this study at any time, without penalty.  The investigators also have the right to stop your 
participation at any time. This could be because you have had an unexpected reaction, or have failed to follow 
instructions, or because the entire study has been stopped. 
 
Will you receive anything for being in this study? 
You will not receive anything for being in this study. 
 
Will it cost you anything to be in this study? 
It will not cost you anything to be in this study. A parking pass can be provided for you, if needed, to attend each 
data collection session. 
 
What if you are a UNC student? 
You may choose not to be in the study or to stop being in the study before it is over at any time.  This will not affect 
your class standing or grades at UNC-Chapel Hill.  You will not be offered or receive any special consideration if 
you take part in this research. 
 
What if you are a UNC employee? 
Taking part in this research is not a part of your University duties and refusing will not affect your job.  You will not 
be offered or receive any special job-related consideration if you take part in this research. 
 
What if you have questions about this study? 
You have the right to ask, and have answered, any questions you may have about this research. If you have 
questions about the study (including payments), complaints, concerns, or if a research-related injury occurs, you 
should contact the researchers listed on the first page of this form. 
 
What if you have questions about your rights as a research participant? 
All research on human volunteers is reviewed by a committee that works to protect your rights and welfare.  If you 
have questions or concerns about your rights as a research subject, or if you would like to 
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obtain information or offer input, you may contact the Institutional Review Board at 919-966-3113 or by email to 
IRB_subjects@unc.edu. 
  
 
Participant’s Agreement: 
 
I have read the information provided above.  I have asked all the questions I have at this time.  I voluntarily agree to 
participate in this research study. 
  
 
______________________________________________________ 
Signature of Research Participant 
 
____________________ 
Date 
 
______________________________________________________ 
Printed Name of Research Participant 
  
 
______________________________________________________ 
Signature of Research Team Member Obtaining Consent 
 
____________________ 
Date 
 
______________________________________________________ 
Printed Name of Research Team Member Obtaining Consent 
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APPENDIX 2: SCREENING QUESTIONNAIRE 
Screening Form 
 
Subject #: ___________  Sex:    Male    Female  Age: ________ y/o 
 
Height: ________cm          Weight: _____ kg _____ lbs BMI: ______ kg/m2 
 
 
QUESTIONNAIRE  
 
Please select yes or no regarding your situation: 
 
 
Do you have a history of any of the following conditions? 
 
 
 
Rate your current level of joint pain: 
 
  
 
Are you between the age 18 and 35? Yes No 
Do you participate in at least 30 minutes of physical activity at least 3 
times per week? Yes No 
Are you unable to walk without the use of an external device? Yes No 
Congenital or degenerative joint condition Yes No 
Orthopedic Implant Yes No 
Cartilage injury of any joint Yes No 
Lower extremity fracture within the last 12 months Yes No 
Upper extremity fracture within the last 12 months Yes No 
Ligamentous injury of the knee Yes No 
Ligamentous injury of the hip Yes No 
Ligamentous injury of the ankle Yes No 
Concussion within the last 12 months Yes No 
      0 (No pain)       10 (Worst) 
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APPENDIX 3: IPAQ 
INTERNATIONAL PHYSICAL ACTIVITY QUESTIONNAIRE 
We are interested in finding out about the kinds of physical activities that people do as 
part of their everyday lives.  The questions will ask you about the time you spent being 
physically active in the last 7 days.  Please answer each question even if you do not 
consider yourself to be an active person.  Please think about the activities you do at 
work, as part of your house and yard work, to get from place to place, and in your spare 
time for recreation, exercise or sport. 
 
Think about all the vigorous activities that you did in the last 7 days.  Vigorous 
physical activities refer to activities that take hard physical effort and make you breathe 
much harder than normal.  Think only about those physical activities that you did for at 
least 10 minutes at a time. 
 
1. During the last 7 days, on how many days did you do vigorous physical 
activities like heavy lifting, digging, aerobics, or fast bicycling?  
 
_____ days per week  
 
   No vigorous physical activities  Skip to question 3 
 
 
2. How much time did you usually spend doing vigorous physical activities on one 
of those days? 
 
_____ hours per day  
_____ minutes per day  
 
  Don’t know/Not sure  
 
 
Think about all the moderate activities that you did in the last 7 days.  Moderate 
activities refer to activities that take moderate physical effort and make you breathe 
somewhat harder than normal.  Think only about those physical activities that you did 
for at least 10 minutes at a time. 
 
 
3. During the last 7 days, on how many days did you do moderate physical 
activities like carrying light loads, bicycling at a regular pace, or doubles tennis?  
Do not include walking. 
 
_____ days per week 
 
   No moderate physical activities  Skip to question 5
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4. How much time did you usually spend doing moderate physical activities on one 
of those days? 
 
_____ hours per day 
_____ minutes per day 
 
  Don’t know/Not sure  
 
 
Think about the time you spent walking in the last 7 days.  This includes at work and at 
home, walking to travel from place to place, and any other walking that you might do 
solely for recreation, sport, exercise, or leisure. 
 
5. During the last 7 days, on how many days did you walk for at least 10 minutes 
at a time?   
 
_____ days per week 
  
   No walking     Skip to question 7 
 
 
6. How much time did you usually spend walking on one of those days? 
 
_____ hours per day 
_____ minutes per day  
 
  Don’t know/Not sure  
 
 
The last question is about the time you spent sitting on weekdays during the last 7 
days.  Include time spent at work, at home, while doing course work and during leisure 
time.  This may include time spent sitting at a desk, visiting friends, reading, or sitting or 
lying down to watch television. 
 
7. During the last 7 days, how much time did you spend sitting on a week day? 
 
_____ hours per day  
_____ minutes per day  
 
  Don’t know/Not sure  
 
 
This is the end of the questionnaire, thank you for participating. 
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